Abstract
pheromone, also called Darcin, produced by mice lacking the adhesion protein Neuroligin-3 acts as a 23 vector to deleteriously modify the social behavior of wild-type mice. Additionally, we showed that lack of 24 social interest on the part of Neuroligin-3 knockout mice is independent of their environment. These 25 findings reveal a new role for mammalian pheromones in mediating the externalization of social deficits 26 from one individual to others comprising the population through IGEs. 27 
Author Summary

Introduction
37
Social behavior is an adaptive process that environmental factors partly influence [1] . Classical behavior 38 genetic theory posits a dichotomy between genetic and social environmental influences. Experimental 39 work on animal behavior, which has successfully isolated and quantified social environmental and genetic 40 effects, contradicts this theoretical viewpoint and demonstrates that behavior and physiology are 41 dependent on social conditions [2] [3] [4] [5] [6] . In fact, the concept of 'social environment' incorporates indirect 42 genetic effects (IGEs), i.e. those genetic effects arising from the aggregated set of genomes that comprise 43 the organism's social genotype (or 'social genome') and which impact the development of an organism's 44 phenotype and/or genotype [7] . Two types of IGEs have been theorized to exist. Social genetic effects 45 capture effects on developing organisms stemming from the action of the social genome on that 46 organism's phenotype. Social epistasis, on the other hand, captures those effects that result from the 47 influence of the social genome on an organism's genotype (this may take the form of epigenetically 48 modulated patterns of gene expression in phenotypic development) [7, 8] . These IGEs are not necessarily 49 unidirectional either, as they could involve the reverse action of individual mutant phenotypes on the 50 social phenotype and genotype also (this will be discussed in more detail below). Molecular evidence for 51 the existence of social epistasis in particular comes from the study of mice, where it has been found that 52 a sizeable portion (as much as 29%) of the variance among mice with respect to certain behavioral 53 phenotypes is the result of altered patterns of gene expression in response to social epistatic transactions 54 with other mice [2] . IGEs might be present in other vertebrate taxa [9] [10] [11] and also in invertebrate taxa 55 [6, 8, 12 ,13], both in naturalistic and experimental settings [2-6] and may stem from the action of 56 correlational selection of traits during evolution -where the distribution of genes associated with one 57 trait covaries with the genetic variance associated with the distribution of other traits in the population 58 via co-selection -despite the absence of physical patterns of linkage among the genes [14] . A recent 59 model, the social epistasis amplification model (SEAM), builds on the concept of social epistasis by further 60 predicting that this phenomenon provides mutations with a potentially very extensive pleiotropic fitness 61 target, one which can extend to the level of the entire social genome. Given that the majority of mutations 62 are deleterious [15] , the effects of mutations that act on the broader social genome are likely to be 63 harmful to the fitness of populations and not merely individual carriers [16] . Thus the SEAM identifies a 64 mechanism whereby individual carriers of certain mutations can influence the fitness characteristics of 65 the social phenotype and genotype within which they are embedded. Although the SEAM was developed 66 initially to explore the implications of deleterious variants accumulating under conditions of relaxed 67 purifying selection in industrialized human populations on patterns of recent culture-gene co-evolution 68 it increased the expression of corticotropin release hormone receptor 2 (Crhr2) mRNA, a receptor 123 controlling Mups' hepatic mRNA levels (supplementary Fig 1A) Mice carrying mutations associated with social disorders, which are inclined to higher levels of stress in 215 the face of adversity than their wild-type counterparts, are more prone to react negatively to exposure to 216 genetically unfamiliar mice, leading to phenotypic divergence with respect to anxiety between the two 217 mouse types (this unidirectional effect is illustrated in Fig 4B) . Both types of mice become socially avoidant 218 in MGH because they are detecting conspecifics with which they are at genetic variance, which interferes 219 with normal cues to hierarchy formation and social interaction, these being examples of adaptive 220 processes that IGEs can disrupt when targeted by deleterious mutations (this bidirectional effect is 221 illustrated in Fig 4B) . Social aversion in both types of mice is taken on as a homeorhetic alternative stable 222 state under conditions of such problematic genetic variation (and in the absence of corrective negative 223 selection), further highlighting the role of certain kinds of mutations in affecting transitions between 224 distinct alternative stable states to achieve metastability given variable population genetic composition; 225 thus the MGH mice converge around a low-fitness behavioral phenotype characterized by social aversion 226 (MGH mice likely have lower fitness, due to reduced competitive behaviors across the board, relative to 227 SGH mice). These shifts in the behavior of wild-type and knockout mice have downstream negative effects 228 on coordinative group-level processes that boost group fitness. The best evidence for such consequences 229 is seen in the de novo memory loss phenotypes found in MGH in both wild-type and knockout mice. It is 230 likely that when mice are unable to collectively map out, and therefore successfully navigate, their 231 environment through urine pheromone secretion, they cannot acquire spatial memories of their 232 surroundings, and must relearn the layout of their territory every time they move through it. As found in 233 our experiments, these phenotypic alterations at the behavioral level are most likely underlain by 234 modifications of genetic expression. In the current study, we identified alteration of genetic expression in 235 the liver but we predict that they will also occur in cells in the central nervous system, and in Pvalb-236 expressing interneurons in particular [3] . 237
Altogether, three IGE-related outcomes were observed: i) phenotypic divergence (Nlgn3 Since this disruption is seemingly triggered by the increased genetic variance in MGH compared to SGH -246 both wild-type and knockout mice are exposed to unfamiliar pheromones relative to SGH conditions -247 one possibility is that mice may be equipped with behavioral adaptations that dispose them to establish 248 social bonds and groups with genetically similar conspecifics, and to avoid genetically dissimilar ones. 249
Given the known role of Pvalb-expressing interneurons in mouse social behavior [3, 36] , it is possible that 250 the behavioral systems undergirding these coalition-formation adaptations are associated with these 251 neural structures. Consistent with this idea, the existence of a broader class of evolved behavioral 252 regulatory mechanisms has been proposed, which promote a form of inter-organismal sociomonitoring 253 that enable control of patterns of IGEs and group genetic architecture [37] . As previously noted, thefundaments of these mechanisms may be highly conserved across animal taxa, being present in 255 Drosophila, a species in which pheromones play a role in regulating social interactions [2,6,12], but we 256 anticipate that these mechanisms are far more sophisticated in species exhibiting highly complex sociality, 257 and indeed may constitute the partial genetic underpinnings of human cultures [37] . 258 Sires were separated from pregnant dams and mice were weaned at postnatal day 30 to avoid the 268 potential confounds associated with weaning on mice tested at postnatal day 21-28. Mice were kept on a 269 12-hour light/dark cycle with free access to food and water. All behavior was assessed during the light 270 cycle. Experiments in adult mice were conducted when mice were 2-4 month old (Figs 1 to 3 ) and in young 271 mice at postnatal day 21-28 (Fig 4) . To minimize anxiety associated with human handling, all mice were 272 well handled prior to testing [40] . On the testing day mice were habituated for 30 minutes to the testing 273 room and handled with minimal restraint to reduce anxiety [40] . Note that all mice did not undergo testing 274 in all tasks. 275
Methods
259
Animals
Interaction with females
276
Prior to experiments, vaginal smears were stained with modified giemsa solution (fixative and blue/azure 277 dye) to determine the stage of estrus cycle [41] . Test male mice were first habituated for 3 minutes to the 278 arena. Subsequently, an unfamiliar female mouse in estrous was added to the same arena for 3 minutes. 279
An experimenter blind to genotype manually scored interaction times. Interaction was recorded when 280 mice were within 2 centimeters of each other. 281
Interest in social odors
282
Urine was taken from adult male SGH Nlgn3 y/-or Nlgn3 y/+ mice immediately after bladder voiding and 283 frozen until use. 10µl of urine was pipetted onto blotting paper for experimental use (Fig 1A) . A T-maze 284 was used to assess time spent with the urine of Nlgn3 y/-and Nlgn3 y/+ mice. SGH Nlgn3 y/+ mice were placed 285 into the long arm of the T-maze and allowed to freely explore the T-Maze. Two trials were conducted, the 286 first being a habitation period in which no urine on blotting paper was administered. The second being 287 the trial, in which the urine on the blotting paper was placed in opposite arms. The sides in which the 288 urine was placed were altered to avoid bias. The trial started when the mouse was put into the long arm 289 of T-maze, and was allowed to freely explore. Each trial lasted 2 minutes each. EthoVision XT tracking 290 software (Noldus) was used to record the activity of the mice within the T-Maze. The interest to the odour 291 was expressed as time, in seconds, spent with the odour. 292
Urine from several Nlgn3 y/+ , Nlgn3 +/+ or Nlgn3 y/-mice from SGH was collected and pooled to produce a 293 mixture of samples from different home cages. Fractionation of urine was performed following previously 294 published methods [33] (Fig 1E) . Briefly frozen urine pooled for each genotype was kept on ice then 295 fractionated using Amicon®Ultra-15 centrifugal filters (Millipore) to produce low molecular weight (LMW) 296 urine faction and high molecular weight (HMW) urine fraction. The LMW fraction was collected in the flow 297 through and the HMW fraction was removed from the filter by dilution to original total volume with 298 artificial urea (NaCl 120 mM, KCl 40 mM, NaH4OH 20 mM, CaCl2 4 mM, MgCl2 2.5 mM, NaH2PO4 15 mM, 299 NaHSO4 20 mM, Urea 333 mM at pH 7.4). 300
For social interest experiments (Fig 1F and 2A-D) mice were placed in an arena with a hole in one side for 301 introducing stimuli on cotton swabs. Mice were acclimatized to the arena for two minutes and then to the 302 presence of a clean cotton swab for two minutes prior to testing. Following a one minute break (where 303 no cotton swab was presented), mice were exposed to a HMW fraction complemented or not with 304 recombinant MUP20/Darcin [31,42] (gift from Prof Hurst, Liverpool University). Each mouse was exposed 305 to each of the stimuli over a series of days (order of odor exposures were counterbalanced). 306 HMW urine fractions were administered at physiological concentration (10 µl per swab) with or without 307 recombinant MUP20/Darcin (0.2ug/ml). Behavior was scored as time spent interacting (sniffing, biting 308 etc.) on the portion of the cotton swab which contained the scent cue, interactions with the stick of the 309 swab (leaning, climbing etc.) were not included. 310
For social discrimination experiments (Fig 3B and D) , the social odors consist of cage scrapings originating 311 from two cages of three C57Bl/6 male or female mice maintained for 6 days with the same home cage 312 bedding to allow for a concentration of odorants. During the acquisition phase, a swab containing a social 313 odor (S1) and a swab without odor were presented in two identical cups placed in opposite corners of the 314 open field for 10 minutes. Mice were placed back in their home cage for 30 minutes and subsequently 315 exposed to a swab containing S1 and a swab containing the odor of unfamiliar male or female mice (S2) 316
in the same open field. Mice were able to be in direct contact with the odors. The time spent in proximity 317 to the social odor (<10 centimeters from the swab) was quantified using EthoVision XT® tracking software 318 (Noldus, Wageningen Netherlands). 319 
Spontaneous activity
Statistical analysis
337
We designed our tests groups to have mice from the different groups tested at the same time. We used 338
GraphPad Prism® to systematically test for normality using the D'Agostino-Pearson test, and for outliers 339 using the ROUT method with Q = 1 to ensure no outliers would modify the outcome and power of the 340 statistical tests. No animals were removed from the analyses. For each experiment, at least three 341 independent litters were analyzed. Multiple comparisons were performed using Two-way non-repeated 342 and repeated measure analysis of variance (ANOVA) as all our datasets followed a normal distribution, 343 and, when appropriate, followed by post- Sidak's post hoc test, *** P < 0.001 and **** P < 0.0001). Note that data related to Nlgn3 y/+ mice from 496 SGH were replotted from Fig 1F. mice were first exposed to odors from a first set of males (S1) and to control. Thirty minutes after 525 acquisition (A), mice were exposed to S1 and to odors from an unfamiliar set of males or females (S2). (B) 526
Nlgn3
y/+ mice from SGH and MGH spent more time with S2 than with S1 during the test phase. 
